The interaction of thruster plumes with satellite components is investigated, with emphasis on undesirable effects, such as disturbance force/torque, thermal loading, and species deposition in the Korea Multipurpose Satellite-II (KOMPSAT-II) base region. The actual configuration of the satellite is simplified by the consideration of four major components of hydrazine thrusters, the S-band antenna, and the surrounding ring. For the numerical simulation, a fully unstructured three-dimensional discrete simulation Monte Carlo (DSMC) code is developed and validated. The DSMC computation allows for examination of the detailed flowfield dynamics, as well as the wall conditions, which, otherwise, would not be possible from a simplified engineering analysis. The computations show that the present thruster arrangement used in KOMPSAT-II incurs a negligible disturbance force/torque and thermal loading compared with its nominal thrust/torque and solar heating. The simulations also indicate that the species deposition is insignificant due to the high surface temperature of the satellite body. Of the chemical species considered (H 2 , N 2 , and NH 3 ), more H 2 molecules collide with the S-band antenna cone. This study clearly shows the usefulness of DSMC calculations for analysis of plume effects in the development phase of a satellite. 
Introduction

S
ATELLITE motion is usually controlled by gas exhaustion from the thrusters into near-vacuum surroundings. Then, an undesirable interaction between plume and spacecraft body may cause considerable adverse effects such as disturbance force/torque, thermal loads, and contamination of sensitive equipment and sensors. Because these effects would result in a reduction of the satellite mission lifetime, their accurate modeling and predictions are very important at the design stage of a satellite. 1, 2 The examination of the interaction between the exhausted plume and the satellite components through ground-based experiments is quite complicated and expensive, because it requires construction and operation of high vacuum facilities to reproduce the desired operating conditions, such as nozzle pressure ratio and Mach/Reynolds number at the nozzle exit. As a result, a numerical analysis is preferred. Among many numerical methods, the direct simulation Monte Carlo 3 (DSMC) technique is usually adopted for this kind of problem because the flowfield around a satellite involves a broad range of flow regimes, from the near continuum in the vicinity of the nozzle exit, through the transitional regime, to free-molecular flow in the region far from the nozzle.
Many researchers have investigated the fundamental characteristics of plume exhaust by comparing DSMC results with the experimental data. 1, 4, 5 However, recent studies concentrate more on the plume interactions in realistic spacecraft missions. Lumpkin et al. 6 and Rault 7 examined plume effects in the shuttle/Mir docking, whereas Giordano et al. 8 considered the x-ray multimirror mission (XMM) satellite. Gatsonis et al. 9 investigated the induced pressure environment incurred by the firing of small cold-gas altitude control thrusters onboard the suborbital environment monitor package (EMP) spacecraft. Other than the use of a DSMC method, a simplified plume analysis method 10 was developed earlier, based on the approximate relations 11−13 and continuum analysis. However, Markelov et al. 14 have pointed out that such an approach may cause low accuracy in the analysis of a practical complex system because it neglects some physical phenomena such as semishadow and multiple reflections.
Previous DSMC studies regarding satellites have usually focused on the nominal influences by the plume, rather than its undesirable side effects. 8, 9 Given these factors, in the present study, the interaction between the thruster plume and the satellite base region is investigated by the use of the DSMC method, with emphasis on the estimation of plume disturbance effects. To deal successfully with the extremely complicated configuration of the satellite base region (in which the thrusters are installed and most exhaust gas mixture resides), a three-dimensional unstructured DSMC code is developed and validated through comparison with experimental data. It is then applied to the base region of the Korea Multipurpose Satellite-II (KOMPSAT-II) with firing thrusters. The exhausted plume interacts with various base region components such as the dual thruster module DTM, S-band antenna, adapter ring, upper marmon ring, etc. Throughout this study, the flow structure inside the base region is investigated for diverse operating conditions, and the consequential dynamic and thermal disturbances are discussed. Based on the present numerical results, we can determine whether or not the DTMs are optimally arranged in the base region of the KOMPSAT-II.
KOMPSAT-II and Problem Definition
The KOMPSAT project is a Republic of Korea government program to establish the space technology of the Republic of Korea, starting from a mission of Earth observation. The first model (KOMPSAT-I) was already designed, manufactured, and successfully launched, and the upgraded second model (KOMPAST-II) is currently being developed. The overview of KOMPSAT-II is shown in Fig. 1a . The KOMPSAT-II propulsion system (PS) employs a 1.0-lbf (4.45 N) MRE-1 monopropellant hydrazine liquid rocket engine. The thrusting impulse is provided by the catalytic decomposition of monopropellant grade hydrazine (N 2 H 4 ) in a propellant tank, and the combustion products, therefore, consist of H 2 , N 2 , and NH 3 . Its actual configuration is shown in Fig. 1b . Only the major components in Fig. 1b are considered in the DSMC computation, such as the S-band antenna, DTM, propulsion platform, upper marmon ring, and adapter ring. The exhaust plumes from the thrusters in the DTM interact with those satellite components. For an efficient generation of necessary thrust/momentum, each thruster is inclined to the xz plane (base plate) by 16 deg and is parallel to the yz plane. The exit plane of the thruster is tilted outward (+y or −y) by 30 deg. Consequently, the angle between the base plate and the normal vector of the thruster exit plane is 14 deg. In this study, the flowfield in the KOMPSAT-II base region is obtained under various operating conditions by application of the DSMC method. Results from the computations are used to estimate and discuss the undesirable plume interaction effects, such as disturbance force/torque, thermal loading, and species deposition.
DSMC Method and Its Application
The basic algorithms in DSMC are well described by Bird. 3 In this study, a three-dimensional DSMC code is developed by the use of a fully unstructured grid system to deal with severe geometrical complexity in the satellite base region. The simulated particles are traced via the intersection between the particle trajectory and the faces of the computational cells being sought. 15 The variable hard sphere (VHS) model is used for molecular collision, whereas the no time counter (NTC) method is employed for collision sampling. For the calculation of internal energy exchange between the colliding molecules, the Borgnakke-Larsen phenomenological model is adopted. Because the medium temperature inside the base region is relatively low, rotational excitation is considered only, whereas chemical reaction and vibrational modes are neglected. This is justified because Kewley 16 reported that chemical reaction and vibrational energy became frozen just beyond the nozzle throat. The unstructured grid system is obtained from a commercial package called GRIDGEN 17 using the Delaunay technique. The cell size is carefully determined to be smaller than the local mean free path in every cell. The developed code is implemented on a personal computer cluster in which message passing interface 18 (MPI) and METIS 19 software are used for data communication between processors and domain decomposition, respectively.
Similar to previous work 20, 21 the present code is validated through comparison with experimental data for a three-dimensional nitrogen plume impingement. The schematic of this problem is given in Fig. 2 . For the DSMC computation, the inlet flow at the orifice is modeled as a uniform stream along the plume axis, in which negligible boundary-layer effects are assumed. The inlet properties are, therefore, calculated from isentropic relations for the stagnation conditions of 1000 Pa and 300 K. The impingement surface is modeled as a fully diffuse wall with full thermal accommodation (σ T = 1.0), and the fully unstructured grid system is obtained from GRIDGEN. The typical computing conditions in this problem are as follows: grid cells = 30,000; number of particles = 100,000; transient steps = 150,000; and sampling steps = 5,000.
In Fig. 3 , the present and previous DSMC results are compared with the experimental data for β = 45 deg. Figure 3 reveals three comparisons for surface pressure, shear stress, and heat flux distributions along the wall and shows strong a similarity between the present DSMC results, the experiments, and previously reported DSMC results. 21 Although not shown here, comparisons were also made for β = 0 and 90 deg, and the results were also found to be comparably accurate. 
Analysis by Engineering Method
Along with DSMC analysis, an engineering analysis was performed by ASTRIUM-France for the present problem.
2 Their approach follows the well-established classical plume analysis procedure. 22, 23 The prediction of the plume effects by ASTRIUM in France consists of two steps: first, the plume flowfield visualization and second, the plume impingement calculation. The flowfield simulation begins with the analysis of the combustion chamber. The chemical compositions and physical properties are calculated under the assumption of thermodynamic as well as chemical equilibrium.
The chamber pressure and temperature are computed as P 0 = 9.8 bar and T 0 = 975 K for the typical nominal thrust of 3.23 N and mass flow rate of 0.0015 kg/s, respectively. 24 The resultant mole fraction of H 2 , N 2 , and NH 3 are 0.664, 0.333, and 0.0377, as listed in Table 1 .
The subsonic and supersonic flowfield inside the thruster nozzle is simulated by the solution of the axisymmetric Navier-Stokes equation. The medium is modeled as a single specie with averaged density and properties, based on equilibrium compositions. The vicinity of the nozzle exit is analyzed under the assumption of inviscid flow. Such an approach is known to be more suitable for a small thruster (less than 20 N in thrust) such as the MRE-1 in this study, rather than a method of characteristics (MOC) analysis. The accuracy of the Navier-Stokes and Euler solvers at ASTRIUM-France has already been confirmed through comparison of their numerical results with experimental data for various thrusters other than the 1.0-lbf monopropellant rocket engine. The continuum flow at the nozzle exit is expanded into space by a source flow method.
12,13 Figure 4 shows the exit properties from the engineering method. These are also utilized as the thruster outlet conditions for the DSMC computation in the following section. Because the adiabatic condition is imposed on the nozzle wall, the temperature drastically increases across the boundary layer, whereas the axial velocity shrinks to zero. However, the density has its maximum near the edge of boundary layer, where the high velocity and the low medium temperature are observed. In correspondence with the density profile, the Knudsen number reaches a minimum there. When the grid system is generated for the particle simulation, the cell size at the vicinity of the thruster exit should be set sufficiently smaller than the local mean free path to guarantee good accuracy.
The flowfield properties resulting from the source point method in the first step are utilized as the input condition for the DSMC estimation. Of course, the whole geometry is discretized into a number of elements. The gas stream at impingement is classified according to the local Knudsen number. Then, the force, mass flux, and heat transfer at the element are distinctively obtained from Newton's theory for the continuum regime, or the gas kinetic theory for free-molecular flows. If it is in the translational regime, a local bridging method is adopted. 11 Also, the total dynamic, thermal, and contamination effects are determined by summation of all of the elemental disturbance properties. Figure 5 shows the distribution of wall heat flux and pressure caused by firing of a single thruster located in x > 0 and y > 0 of the satellite coordinate system. Higher pressure and heat flux are found only at some parts of the S-band antenna, surrounding ring, and base plate close to the on-mode thruster. The molecules emitted from the thruster keep traveling freely until they arrive at the solid surface. Table 2 lists the disturbance force/torque and maximum wall heat flux when only one primary thruster in x > 0 and y > 0 is being fired. Disturbance force and torque are defined by
where F disturbance is the total disturbance force over the KOMPSAT-II base region, τ disturbance is the total disturbance torque with respect to a given reference position, f is the force acting on the surface element, and r is the distance vector from the reference position. In the present study, the torque is computed with respect to beginning of life (BOL) mass center at the beginning stage of operation. Its position is given by (x BOL , y BOL , z BOL ) = (−9.78, −1.92, −775.1) mm if the origin is set at the center of the base plate. The center of mass of a satellite changes during the mission due to the continuous consumption of propellant.
However, the engineering analysis may not be proper for a more practical situation like the simultaneous firing of multiple thrusters in rarefied surroundings, in which the plume/plume interaction and species separation would be significant.
Results and Discussion
The DSMC code validated in the preceding section is applied to the flowfield analysis for the KOMPSAT-II base region. For the nu- merical simulation, the actual configuration in Fig. 1 is simplified by choosing only the major equipment and structural parts such as the S-band antenna, adapter ring, upper marmon ring, propulsion platform, and four primary thrusters. Figure 6 presents the model configuration and its surface grid system used in this study. The undesirable plume effects on the satellite originate primarily from the plume/satellite interaction in the base region, whereas the contribution by outside molecules is negligible. Therefore, the surrounding vacuum does not have much involvement with the total computational domain. It is extended to just 0.9 m in radius, 0.1 m in depth, and 0.5 m in height from the base region of KOMPSAT-II. As a boundary condition, the surface temperature of each component in Table 3 is determined by the values at the worst condition during KOMPSAT-II maneuvering. 24 The worst condition corresponds to the coldest condition during the mission, such as when the satellite has the smallest solar heat flux, the smallest thermal absorption by the satellite surface, and the smallest heat dissipation through the electrical equipment. Because the operating altitude of KOMPSAT-II ranges from 670 to 700 km, the environment is assumed to be a vacuum. Consequently, all of the boundaries except for the solid wall are presumed as a particle sink in the DSMC computation. Numerical calculations are performed for four representative mission conditions, as listed in Table 4 . In case A, all four thrusters are fired simultaneously to produce the maximum thrust, which corresponds to orbit transfer. The other cases, B, C, and D are made by a combination of two thrusters in on mode and the other two in off mode, to achieve the required attitude control motion of the satellite. Table 4 Operating conditions considered
The present DSMC computations do not include the flow inside the thruster nozzle; that is, the nozzle exit is regarded as particle source. The Knudsen number at the nozzle exit is computed based on the exit diameter. The nozzle exit properties, as shown in Fig. 4 , indicate that the thruster nozzle exit flow can be considered to be near continuum. Therefore, the DSMC approach is used over the whole base region, rather than by division of this region into separate continuum and rarefied regimes. The computational domain consists of about 120,000 cells and the number of simulated particles amounts to about 320,000 at steady state. However, a large number of computing cells is concentrated in the central area to resolve the plume/plume interaction there accurately. A sufficient number of molecules per cell (≥10) is maintained in the central region of the flow, and flow properties are averaged over a large number of sampling steps (N smp = 5000) to minimize statistical scatter. The domain is divided into several subdomains for parallel implementation accordingly. The time step is selected as t = 7.5 × 10 −8 s, and this value is sufficiently small compared to the collision time in every computational cell. Steady state is typically accomplished after 5000 transient steps. An additional 10,000 sampling steps are conducted to obtain the timeaveraged flow properties. All of the solid boundaries in the base region are modeled as a diffusely reflected surface with complete energy accommodation. The microscopic properties of participating species are taken from those in Bird's text. 3 The simulated particles are initially introduced through the firing thrusters and spread over the empty space. As indicated in the preceding section, ASTRIUM-France's equilibrium Navier-Stokes simulation data for the MRE-1 thruster are used as the nozzle exit conditions for DSMC computation. Figure 7 shows the density distributions in the base region for case A. Because the vacuum environment is assumed, all four thruster plumes expand rapidly near the thruster nozzle tip. Because of the blockage by the surrounding ring, most combustion products are distributed inside the base region where the z coordinate is shorter than the height of the surrounding ring, and then expand primarily downward in the +z direction, whereas only a tiny amount of the gas stream moves toward the upper parts of the satellite. As they spread out along the downstream direction, each exhaust plume merges with the adjacent one. Thereby, two-high density zones appear inside the base region as seen in Fig. 7d . The one in the +x side is formed by the plumes from thruster 1P (TH1P) and thruster 4P (TH4P), whereas the other in the −x side is from thruster 2P (TH2P) and thruster 3P (TH3P). The two-high density zones formed inside the base region are again combined in the outside of the base region, where the z coordinate is longer than the height of the surrounding ring (Figs. 7e and 7f ). In the engineering approach by ASTRIUM-France, these plume/plume interactions cannot be taken into consideration, and they may lead to lower accuracy in the analysis of a practical application. Figure 8 shows a distribution of translational temperature for case A. Because a large number of molecules reside inside the base region, the translational temperature there does not diminish significantly with respect to the exit value. A high temperature of over 400 K is found in the vicinity of the S-band antenna cone, along the x axis, due to the strong molecular stream from the nearby highdensity zones. Although not shown here, the distribution of rotational temperature is qualitatively similar to that of the translational one.
The density distribution strongly affects the surface properties, such as pressure and heat flux distribution. Figure 9 shows surface heat flux distribution for case A. Figure 9 consists of distributions on five components as follows: 1) S-band antenna and four thrusters (viewing from +x side); 2) S-band antenna and four thrusters (viewing from −x side); 3) antenna, thrusters and base plate; 4) inner surrounding ring; and 5) outer surrounding ring. In Fig. 9 , whereas two high heat flux zones are observed on the S-band antenna along the x axis, the top periphery of the inner surrounding ring is also heated up along the y axis. The S-band antenna is strongly influenced by the two nearby high-density zones, each of which is generated by a pair of thrusters at the same x location. However, the two thrusters at the same y location mostly affect the inner surrounding ring. In Table 5 , the maximum heat fluxes on S-band antenna and inner surrounding ring are compared for the operating conditions in this study. The largest heat flux is found on the S-band antenna in case A, where all four thrusters are fired. However, its value of 100 W/m 2 is quite small compared with the solar constant of q sol = 1353 W/m 2 (Ref. 25) . It is, therefore, concluded that the thermal loading, due to impinging plumes on the satellite base region, is negligible. As described in the preceding section, the exhaust gas consists of three major species of H 2 , N 2 , and NH 3 . Among them, only the distribution of H 2 is presented in Fig. 10 because N 2 and NH 3 are found to be negligible compared with H 2 in the base region. NH 3 is inherently expected to be so because its initial amount in the exhaust mixture is very small, as listed in Table 1 . However, for the case of N 2 , its negligible quantity is due to species separation. In other words, the light H 2 molecules are remarkably separated from the main stream and expanded diffusely throughout the flow domain, whereas the heavy N 2 molecules reside in the main flow and escape the base area without interfering with satellite structures. Table 6 compares the maximum number fluxes of H 2 and N 2 at the S-band antenna and inner surrounding ring for four cases. Because of species separation, the maximum value for N 2 does not reach 1% of that for H 2 . The position of the maximum number flux is almost the same as that of the maximum thermal loading because greater molecular impingement toward the wall can transfer more energy onto the wall. Because in the DSMC results, most of the heat is transported by lighter molecules of H 2 , the maximum wall heat flux is smaller than that obtained from the engineering analysis, which models the medium as an overall mixture without the consideration of species composition. For instance, as seen in Table 2 , the engineering approach yields the maximum heat flux of 150 W/m 2 when one thruster is fired. However, in the DSMC results, it is still less than 100 W/m 2 even though all four thrusters are simultaneously fired. Consequently, the engineering analysis is considered to have an inherent shortcoming in the investigation of details of the interaction between the thruster plume and the satellite base region. The poor estimation of flow properties may lead to severe error in the design stage.
The final discussion for case A concerns contamination. The capture temperature for H 2 is known to be only 4 K (Refs. 26 and 27). The present surface temperatures of the base region are much higher than this even for the worst case. Subsequently, the H 2 molecules are hardly deposited on the solid walls, and the contamination of the satellite base region may be negligible. Figures 11, 12 , and 13 show the distributions of wall heat fluxes for cases B, C, and D, respectively. Similar to case A, the high thermal loading zone is found over the S-band antenna cone, as well as around the periphery of the inner surrounding ring in all cases. Their distributions are strongly dependent on which thrusters are being fired. For cases B, C, and D, the total number of molecules contained in the computing domain is about one-half of that for case A, however, the maximum values of wall heat flux and number flux are not linearly reduced because the interaction between the plumes results in its nonlinear behavior. For case B, in which only the TH1P and TH2P are being fired together, the maximum heat flux on the inner surrounding ring is greater than that on the Sband antenna, whereas the maximum heat flux is almost the same on the inner surrounding ring and S-band antenna for case C, as seen in Tables 5 and 6 . As a result, the maximum thermal loading at the surrounding ring and antenna cone is influenced more by the positions of thrusters. Thus, contrary to case B, for case D, in which two close thrusters are being fired, the stronger thermal loading is observed on the antenna cone. For case D, although the total number of occupied molecules is one-half of that for case A, the maximum number flux is close to that for case A. Note that the molecular number flux impinging on the hardware surface is closely related to the thermal loading therein. Tables 7 and 8 , list the disturbance force and torque and their percentage ratios to the nominal values, respectively. All of the ratios are found to be less than 4.1%. Such levels are known only rarely to influence the main satellite dynamics and propellant budget. Based on this, it can be judged that the DTM equipped in KOMPSAT-II are properly arranged to minimize the disturbance effects caused by the plume. 
Conclusions
In this study, a DSMC analysis of the interaction between the exhaust plumes and the satellite base region has been performed. To this end, a three-dimensional DSMC code was developed by the use of an unstructured grid system and validated by comparison with experimental meaasurements and other DSMC calculations. This DSMC code was then applied to the analysis of the KOMPSAT-II base region with four hydrazine thrusters, S-band antenna, and inner and outer surrounding rings. With dependence on the combination of firing thrusters, four operating conditions were considered. For each case, the detailed flowfield and surface properties were visualized, and the resultant undesirable effects such as the disturbance force/torque and thermal loading were estimated and discussed. Heat flux due to molecule impingement was found to be significant on both the inner surrounding ring and S-band antenna. Their maximum value was totally dependent on the degree of plume/plume interaction determined by the thruster position. However, the quantitative comparison concluded that the disturbance force/torque, as well as thermal loading, were all negligible with respect to their nominal thrust/torque and solar heating. In other words, the placement of the DTM is such that undesirable effects by plume interaction are expected to be small and within tolerable levels. Among three species in the exhaust gas, only considerable amounts of H 2 were observed to reach the S-band antenna, because of species separation effects. However, H 2 deposition onto the cone surface hardly occurred because the surface temperature was too high to capture H 2 molecules. Furthermore, it was also found that the maximum heat flux estimated from an engineering analysis was higher than that from the DSMC computation.
